The microbiota inhabiting the mammalian gut is a functional organ that provides a number of services for the host. One factor that may regulate the composition and function of gut microbial communities is dietary toxins. Oxalate is a toxic plant secondary compound (PSC) produced in all major taxa of vascular plants and is consumed by a variety of animals. The mammalian herbivore Neotoma albigula is capable of consuming and degrading large quantities of dietary oxalate. We isolated and characterized oxalate-degrading bacteria from the gut contents of wild-caught animals and used high-throughput sequencing to determine the distribution of potential oxalate-degrading taxa along the gastrointestinal tract. Isolates spanned three genera: Lactobacillus, Clostridium, and Enterococcus. Over half of the isolates exhibited significant oxalate degradation in vitro, and all Lactobacillus isolates contained the oxc gene, one of the genes responsible for oxalate degradation. Although diverse potential oxalate-degrading genera were distributed throughout the gastrointestinal tract, they were most concentrated in the foregut, where dietary oxalate first enters the gastrointestinal tract. We hypothesize that unique environmental conditions present in each gut region provide diverse niches that select for particular functional taxa and communities.
T
he gut microbiota of mammalian herbivores plays a crucial role in aiding the host to digest low-quality and, often, toxic diets (1) (2) (3) (4) . Plants typically produce toxic plant secondary compounds (PSCs) as a means to combat herbivory (1, 5, 6) . One mechanism by which mammalian herbivores may overcome PSCs is to host microbes capable of degrading such toxins (7) . Dozens of species of bacteria capable of metabolizing dietary PSCs have been isolated from the guts of mammals, suggesting a long-term coevolution between hosts and their microbiotas (8) (9) (10) (11) (12) . Additionally, the structure of the gut microbiota can be altered significantly by exposure to dietary PSCs and other xenobiotics, which is indicative of short-term ecological interactions between the diet and the microbiota (2, 13) .
The widely produced PSC oxalate is an ideal compound for studying the effects of PSCs on the composition and function of the mammalian gut microbiota (14) . A variety of mammals, including humans and domestic livestock, regularly consume oxalate in their diet (15) (16) (17) (18) (19) . The consumption of oxalate can have a number of consequences for mammals, which include direct mortality, corrosion of the mouth and gastrointestinal tract, gastric hemorrhaging, diarrhea, kidney stones, and inflammation (15, 20, 21) . Despite its prevalence and toxicity, mammals do not produce the enzymes capable of metabolizing oxalate (22, 23) . However, oxalate-degrading bacteria are widely distributed within the guts of mammals (8, 11, (24) (25) (26) (27) (28) (29) .
Numerous oxalate-degrading bacteria that commonly inhabit the mammalian gut have been characterized (30, 31) . One of the best-studied species is Oxalobacter formigenes, which requires oxalate as a carbon and energy source for growth (8) . However, other oxalate-degrading bacteria include species from the genera Lactobacillus, Bifidobacterium, Streptococcus, Enterococcus, and others (11, (32) (33) (34) (35) . The majority of studies investigating oxalate-degrading bacteria have been conducted on humans, lab rats, and agricultural systems. Some mammals, such as woodrats and fat sand rats, consume levels of oxalate that would be lethal to other mammals and degrade Ͼ90% of the oxalate consumed (36) (37) (38) . Our understanding of oxalate degradation in these ecologically relevant systems is much less understood.
We conducted a thorough investigation of the oxalate-degrading bacteria residing in the gut of the oxalate specialist Neotoma albigula. Populations of the white-throated woodrat, N. albigula, consume a diet comprised almost entirely of the oxalate-rich Opuntia cactus (37) . Woodrats have a complex, segmented gut, with a large hindgut fermentation chamber (cecum) in addition to a foregut chamber, proximal to the stomach, which also harbors a diverse microbial population (2, 39, 40) . The foregut community structure shifts in response to dietary toxins and may function in the degradation of toxins (2) .
In this work, we tested the hypothesis that unique functional taxa and communities are segregated among gut regions. We predicted that the foregut, the gut chamber where dietary oxalate first enters the gastrointestinal tract, would house the greatest abundance of oxalate-degrading microbes.
MATERIALS AND METHODS
Location, diet, and collection of animals. Five white-throated woodrats of the species Neotoma albigula were collected with Sherman live traps in Castle Valley, UT, in October 2012. Woodrats were immediately transported to the University of Utah Department of Biology Animal Facility and housed overnight in individual cages (48 ϫ 27 ϫ 20 cm) under a 12-h-12-h light-dark cycle, with a 28°C ambient temperature and 20% humidity. Animals were fed Opuntia cactus and Juniperus osteosperma collected from the location where the woodrats were trapped. To minimize the effects of captivity, animals were euthanized under CO 2 and dissected after one night. All methods were approved by the IACUC, under protocol 12-12010.
Isolation of oxalate-degrading bacteria. Upon dissection, the gut contents of the foregut, stomach, small intestine, cecum, and large intes-tines were collected along with the feces and were serially diluted in sterile deionized H 2 O for microbial isolation. A subset of contents was frozen at Ϫ80°C until DNA extraction. To isolate oxalate-tolerant and oxalatedegrading bacteria, serial dilutions of gut contents were plated onto brain heart infusion (BHI) agar supplemented with 20 mM sodium oxalate and 1 g/liter calcium chloride. The addition of sodium oxalate and calcium chloride produces calcium oxalate precipitate, which can be used to determine if bacteria are degrading oxalate (8, 41) . The genus Lactobacillus is dominant in other woodrat species and contains numerous toxin-degrading species (2, 42, 43) . Therefore, we chose to isolate a broad range of species of this genus by culturing gut contents on MRS medium without oxalate supplementation. This approach provided a sample of lactobacilli without specifically selecting for oxalate-degrading species. All media were first pH adjusted to match the gut region from which bacteria were isolated (foregut pH ϭ 4.3, small intestine pH ϭ 7, cecal pH ϭ 6.3, large intestine pH ϭ 6.5, and fecal pH ϭ 6.4). Cultures were incubated at 37°C for 48 h under anaerobic conditions (Anaeropack system; Mitsubishi Gas Chemical Company), and the colony morphology was described for each unique CFU. Unique CFUs from the MRS plates and those that exhibited a zone of clearance around the CFU in the BHI medium, indicative of oxalate degradation, were chosen for further enrichment. Isolates were grown in either MRS or BHI broth with the pH adjusted according to the gut chamber from which they were isolated. Broth was flushed with CO 2 and rubber stoppered to maintain an anaerobic environment.
Identification of isolates and the oxc gene. To identify the isolates and the presence of the oxc gene, genomic DNAs were extracted from enrichment cultures by use of a DNeasy tissue kit (Qiagen). The 16S rRNA gene was amplified with the universal bacterial primers 27F and 1492R (5=-AG AGTTTGATCCT-3= and 5=-GGTTACCTTGTTACGACTT-3=). Primers for the oxc gene (OxcL and OxcR [5=-TCMAMGTAAACACCACCTGG A-3= and 5=-ATGTATGGTGTTGTMGGYATT-3=]) were designed by aligning sequences of the oxc genes of O. formigenes (accession no. M77128) and Lactobacillus gasseri (accession no. NC_008530) with Mega 5 software. PCR was performed on a Bio-Rad MyCycler with a thermal profile of 95°C for 2 min, followed by 35 cycles of 94°C for 30 s, 50°C (16S rRNA gene) or 52°C (oxc) for 60 s, and 70°C for 60 s, with a final extension step of 72°C for 5 min. Amplified DNA was gel purified following the manufacturer's protocol (Qiagen Qiaquick gel extraction kit) and sent to the DNA Sequencing Core Facility at the University of Utah for Sanger sequencing using the 27F or OxcL primer. Resulting sequences were used in a BLAST search against GenBank. Sequences with Ͼ97% identity of the 16S rRNA gene were considered to belong to the same operational taxonomic unit (OTU) ( Table 1. )
Oxalate degradation assay. To evaluate in vitro oxalate-degrading activity, cultures of isolates grown overnight to an optical density at 630 nm (OD 630 ) of 0.6 were subcultured anaerobically in either BHI or MRS broth supplemented with 20 mM sodium oxalate and incubated for 48 h. The pH of the medium was adjusted to 5.5, regardless of the pH from which the bacteria were isolated, as oxalate-degrading activity is maximized at this pH for Lactobacillus (44) . The oxalate concentration of the medium after the incubation period was then determined by titration with 0.01 M potassium permanganate (KMnO 4 ) (37). Oxalate was first precipitated by the addition of 4 g/liter CaCl 2 , which converts soluble sodium oxalate to insoluble calcium oxalate. Following centrifugation, the supernatant was decanted and the precipitate was resuspended in the same volume of deionized H 2 O. Calcium oxalate was solubilized by the addition of 6 N H 2 SO 4 and titrated at 70 to 90°C, until a pink color persisted for 30 s. Oxalate concentrations in the media were compared to standard dilutions of 0, 5, 10, 15, and 20 mM and to a sterile medium control to determine oxalate concentrations and degradation efficiencies. Standard curves produced R 2 values of 0.98 and 0.99 for BHI and MRS media, respectively. Titrations of known oxalate concentrations were 98 to 102% Ϯ 0.7% and 98 to 102% Ϯ 0.9% of the oxalate added for BHI and MRS media, respectively. For each isolated strain, oxalate-degrading assays were run three times. For each assay, the oxalate remaining in the medium was quantified three times and averaged as a single data point. Oxalate-degrading efficiency was determined by dividing the amount of oxalate remaining in the medium after 48 h for each of the isolates by the amount of oxalate remaining in the sterile medium control. To determine if oxalate degradation was significant, the amount of oxalate remaining in the medium of the isolates was compared to the amount of oxalate remaining in the sterile medium by the t test. Differences in oxalate degradation among isolates of the same species were determined by one-way analysis of variance (ANOVA) followed by a Bonferroni-corrected, paired t test post hoc analysis in the R statistical package (P Ͻ 0.05 for all tests).
DNA extraction and microbial inventories. High-throughput Illumina sequencing and flow cytometry were used to determine the relative abundances and densities of microbial taxa, respectively. DNAs were extracted from the gut contents of each individual by use of a QIAamp DNA Stool minikit (Qiagen). Microbial inventories were generated using prim- Microbial density was determined by flow cytometry. After dissection, gut contents were diluted in sterile saline and sieved through a 50-mm-mesh cell strainer. Cells were further diluted and stained with a Live/Dead BacLight bacterial viability and counting kit (Life Technologies, Grand Island, NY). Cell counts were determined using a high-speed FACSVantage SE Turbo cell sorter located at the University of Utah's flow cytometry core facility. The density of each microbial taxon was determined by multiplying the relative abundance of the taxon generated by Illumina sequencing by the total microbial density generated by flow cytometry. Illumina data were analyzed in QIIME as described by Kohl et al. (47) , and significant differences (P Ͻ 0.05) in relative abundance or microbial density between regions were determined using the nonparametric Friedman rank sum test.
Nucleotide sequence accession numbers. Sequences obtained in this study were deposited in GenBank under accession no. KF478820 to KF478835.
RESULTS

Neotoma albigula diet.
The oxalate concentration of the Opuntia cactus collected from the same location as the woodrats was 1.4% Ϯ 0.05% of dry weight (n ϭ 10), as determined using a modified oxalate assay (37) . The oxalate concentration of juniper was 1% Ϯ 0.01% oxalate (n ϭ 10). Stable isotope analysis of hair revealed that this woodrat population had fed almost exclusively on Opuntia cactus over the last 3 months. This amount of cactus corresponds to the consumption of over 900 mg oxalate/kg body weight per day (data not shown).
Identification of isolates and the presence of the oxc gene. A total of 16 isolates from six OTUs were obtained with two selective and differential media: BHI supplemented with 20 mM oxalate and MRS medium without oxalate. No isolates were obtained from the stomach. From the BHI medium, four isolates of Clostridium sporogenes and three isolates of Enterococcus gallinarum were obtained. All exhibited Ͼ97% identity with the closest relatives from GenBank. From the MRS medium without oxalate, four isolates of L. gasseri, one isolate of Lactobacillus animalis, two isolates of Lactobacillus johnsonii, and two isolates of Lactobacillus reuteri were obtained. All exhibited Ͼ97% identity to database sequences (Table 1 ). All nine Lactobacillus isolates exhibited the presence of the oxc gene, while no bands were amplified from the Clostridium or Enterococcus isolates (Fig. 1) . Bands from one isolate of L. gasseri (38-L) and one isolate of L. johnsonii (49-L) were excised and gel purified. These isolates were chosen based upon the disparity in in vitro oxalate degradation and intensities of the bands on the gel. Sequence analysis of the L. gasseri band (38-L) revealed 97% sequence identity with the oxc genes from L. gasseri (accession no. CP000413.1), Lactobacillus amylovorus (accession no. CP002338.1), and Lactobacillus acidophilus (accession no. CP002559.1). Analysis of the L. johnsonii band (49-L) revealed 89% sequence identity with the oxc genes from the same OTUs as those described above.
Oxalate degradation among isolates. Significant variability in in vitro oxalate-degrading activity was present both between and within species isolated from the woodrat gut (Table 1) . Of the 16 isolates examined, over half (53%) exhibited significant oxalate degradation, ranging from 18.4% to 40.3% of the oxalate present. Clostridium sporogenes exhibited the highest degradation activity, while one species, L. reuteri, exhibited no oxalate degradation. Lactobacillus animalis exhibited considerable degradation, but it was not significant due to variability between trials.
Distribution of oxalate-degrading bacteria. In addition to bacterial isolates, diverse potential oxalate-degrading bacteria were distributed along the length of the gastrointestinal tract, as determined by sequencing of the V4 region of the 16S rRNA gene on the Illumina MiSeq platform. Sequencing of DNAs extracted from the gut contents resulted in 619,625 high-quality sequences (average of 20,654 Ϯ 715 sequences per sample). Genera were grouped as either potential oxalate-degrading or non-oxalate-degrading bacteria, based on published data (see Materials and Methods).
The foregut contained the highest density of potential oxalatedegrading bacteria, dominated by Lactobacillus, and the total density of all potential oxalate-degrading genera combined dropped off precipitously throughout the length of the gastrointestinal tract (Fig. 2) . The relative abundances and densities of all potential oxalate-degrading bacteria differed significantly between gut regions (P ϭ 0.03 and 0.03, respectively). Additionally, the relative abundances of Lactobacillus, Bifidobacterium, and Clostridium differed significantly across gut regions (P ϭ 0.001, 0.006, and 0.01, respectively) ( Fig. 2A and B) . When density was considered, only Clostridium and Oxalobacter varied significantly (P ϭ 0.04 and 0.005, respectively) (Fig. 2B) . Oxalobacter, a genus that uniquely requires oxalate as a carbon and energy source, exhibited its highest abundances in the cecum and large intestines. The remaining genera did not vary significantly among gut regions. 
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DISCUSSION
This study identified several microbial taxa that degrade oxalate in the gut of a mammalian herbivore and documented that potential oxalate-degrading communities shift along the gastrointestinal tract. The potential oxalate-degrading microbes were dominated by Lactobacillus in each of the gut regions and comprised several rare taxa, including Oxalobacter. While the highest density of potential oxalate-degrading taxa was present in the foregut, these taxa were distributed throughout the gastrointestinal tract. This distribution may be driven by dietary oxalate. The oxalate content of N. albigula's natural diet of Opuntia is within the range of those of commonly consumed foods, such as rhubarb and spinach, but considerably less than that of Halogeton, which can be as high as 17% (15) . However, given that N. albigula consumes ϳ100% Opuntia cactus in their diet, they must consume larger amounts of oxalate than many other mammals. the gastrointestinal tract (line) and the relative abundances of the more abundant Lactobacillus and Bifidobacterium genera as a percentage of the whole community (bars). *, significant differences among gut regions as assessed by the Friedman rank sum test (P ϭ 0.006, 0.001, and 0.03 for the relative abundances of Bifidobacterium and Lactobacillus and the microbial density of all oxalate degraders, respectively). SI, small intestine; LI, large intestine. (B) Distribution of rare potential oxalate-degrading taxa. The graph shows the relative abundances of rare potential oxalate-degrading bacteria throughout the gastrointestinal tract as a percentage of the whole community (bars), as well as the density of the Oxalobacter genus (line). *, significant differences in relative abundance; ϩ, significant differences in microbial density (assessed by the Friedman rank sum test; P ϭ 0.01, 0.04, and 0.005 for the relative abundance of Clostridium and the densities of Oxalobacter and Clostridium, respectively).
Previous studies have implicated the Lactobacillus genus as a potentially important contributor to oxalate degradation in the mammalian gut (34, 51) . The results of this study suggest that lactobacilli are the primary oxalate-degrading bacteria present in N. albigula. Lactobacillus isolates were obtained using a genusspecific medium without oxalate, which effectively provided a random sample. Of the nine Lactobacillus isolates, 100% of them harbored the oxc gene, which suggests that members of the Lactobacillus genus within the woodrat gut have a considerable potential to degrade oxalate. However, in vitro analysis of oxalate degradation revealed that only half of the Lactobacillus isolates actually degraded oxalate under the given conditions. Consistent with previous reports, there were significant differences between isolates within some OTUs in regard to oxalate degradation (34, 51) . The difference between potential activity indicated by the presence of the oxc gene and actual activity quantified in the assays underscores the role of the environment in mediating oxalate degradation. The complex gut environment could produce numerous microniches suitable for oxalate degradation by different taxa throughout the gut. The disparity between oxalate degradation and the presence of the oxc gene could also be due to mutations or truncation in the oxc genes such that they no longer function to degrade oxalate (52) .
There is little work to date on oxalate degradation by the genera Clostridium and Enterococcus. One study found that Enterococcus faecalis is capable of degrading oxalate for use as a sole carbon and energy source (11) . Another showed that Enterococcus faecium and E. faecalis could degrade oxalate in the presence of MRS broth, similar to the case for the Lactobacillus isolates in our study (29) . Our study is the first to show that E. gallinarum is also capable of degrading oxalate. Similarly, while members of the Clostridium genus exhibit oxalate-degrading activity (49, 50, 53) , this is the first report of oxalate degradation in C. sporogenes. It is not known if these genera use the same pathway as Oxalobacter, Lactobacillus, Bifidobacterium, and others. The oxc gene was not amplified from the Enterococcus and Clostridium isolates by using the oxc primers. These results could be due to either primer incompatibility or the lack of the oxc gene. To date, other oxalatedegrading genes that may be responsible for oxalate degradation have been found in different Clostridium and Enterococcus species. These include the oxdD gene, encoding oxalate decarboxylase, in Clostridium botulinum (accession no. NC_009495.1) and a gene encoding oxalate decarboxylase in Enterococcus gilvus (accession no. AJDQ01000012.1) (58; A. Earl et al., unpublished data). Therefore, these genera may use a different pathway for oxalate degradation than that of Oxalobacter, Lactobacillus, and other genera that contain the oxc and frc genes.
The mammalian gut microbiota is best understood in the context of community ecology. There has been a wide range of oxalate-degrading rates reported for oxalate-degrading bacteria that reflect both short-term and long-term environmental influences (Table 2) . Some genera, such as Lactobacillus, Clostridium, and Enterococcus, exhibit relatively low rates of oxalate degradation (0 to 7 mol/ml medium/day), whereas others, such as Providencia, Oxalophagus, and Oxalobacter, have much higher rates (20 to 400 mol/ml medium/day). Furthermore, the oxalate-degrading rates of whole communities, as well as the proportion of oxalatedegrading bacteria comprising a community, fluctuate with oxalate concentrations in the immediate environment (41, 54) . Thus, oxalate in the immediate environment of microbial communities may drive the oxalate-degrading function in the short term to respond to dynamic concentrations of oxalate. In the long term, persistent exposure to oxalate may drive the evolution of the oxalate-degrading function within taxonomic groups. For O. formigenes, this function provides an effective means to extract carbon and energy (8) . In other genera, such as Lactobacillus, it may function as a means to detoxify compounds in the environment. A detoxification function is inferred from the fact that increasing oxalate concentrations lead to lower microbial yields and oxalatedegrading efficiencies in Lactobacillus and other genera (32) .
The highest densities of the genera Lactobacillus, Bifidobacterium, and Oxalobacter seem to coincide with their optimal pHs for oxalate degradation within the N. albigula gut. Thus, the pH of each gut region may be another important factor driving in vivo oxalate degradation and the densities of different species of oxalate-degrading bacteria. The genera Bifidobacterium and Lactobacillus degrade oxalate optimally at pH 4.5 and 5.5, respectively (35, 44) . However, optimal pH for oxalate-degrading activity within the Oxalobacter genus was reported as 6.4, after examination over the range of pH 5 to 8 (55) . The pH of the foregut of N. albigula was measured at 4.3, compared to a pH of 1.4 in the stomach and 6.3 to 7.0 in the hindgut regions. Given the densities of each genus and the pH of each region, Lactobacillus and Bifidobacterium are likely responsible for most of the oxalate degradation in the foregut, whereas Oxalobacter is likely the principal oxalate-degrading bacterium in the hindgut. The distribution of potential oxalate-degrading taxa in the woodrat gut supports the hypothesis that the foregut of woodrats acts as a microbial detoxification chamber (2) .
Significant populations of Oxalobacter present in the cecum and large intestines indicate that oxalate degradation may occur throughout the gut. The presence of Oxalobacter in the hindgut can induce the secretion of oxalate into this region, where it can be degraded further (56, 57) . The density and relative abundance of Oxalobacter in the feces vary between mammals. In the current study, there were ϳ1 million Oxalobacter cells/g, or 0.01% of the community. In humans, there are ϳ1 million Oxalobacter cells/g (24) . Rats harbor ϳ10 million Oxalobacter cells/g, or Ͻ0.1% of the community (41) . In sheep, Oxalobacter makes up ϳ0.007% of the community in the rumen (54) . In the current study, organisms in fecal samples were among the least representative of Oxalobacter abundances across the gut. This finding is of particular importance given that most studies estimate the presence of oxalatedegrading bacteria in fecal samples (e.g., see references 26 to 29). The PSC oxalate is a widely produced compound that has a considerable impact on the ecology and evolution of mammalian herbivores, as well as humans. While most studies in the past have focused on fecal communities or a single microbial species capable of degrading large amounts of oxalate, recent research reveals that highly diverse oxalate-degrading bacteria inhabit the mammalian gut (8, 11, (25) (26) (27) (28) (29) . We have shown that consortia of oxalate-degrading bacteria are present and distributed throughout the gut in mammalian herbivores that specialize on oxalate-rich plants, with fecal communities being among the least representative of potential oxalate-degrading bacteria. The oxalate-degrading function of the gut microbiota may be the result of a responsive community (54) . Complex ecological interactions between host, diet, and microbiota can have considerable impacts on the composition and function of the microbiota and, subsequently, the host phenotype. These must be taken into account when we consider how the diet and xenobiotics affect the gut microbiota and, ultimately, the host phenotype.
